Anaerobic digestion is again being taken seriously because of increasing concerns about the environmental hazards of manure. The push to produce more renewable energy locally as a means to reduce dependence on fossil fuels has also had an effect. A well running plug-flow digester on the Haubenschild dairy in Princeton, Minnesota has provided nearly five continuous years of electrical energy production and operational data. The digester was initially installed at Haubenschild Farms to control air pollution and to produce energy by utilizing waste. The 800 cows at the farm produce enough methane to generate about 2900 kWh per day of electricity, 1500 kWh of which is used on the farm. The remainder is sold as "Green Energy" and marketed to consumers who wish to use electricity generated from renewable sources. The digester is producing at least 30 percent more biogas than the design estimates. The dairy also saves $400 per month in heating costs by using waste heat from the generator. The up time on the generator has been about 95%. This project has shown that a payback of 5 years or less on investment is possible.
INTRODUCTION
Anaerobic digestion for manure treatment is again being taken seriously because of increasing concerns about the environmental hazards of manure. Due to odor and nutrient concerns from neighbors, the ability of existing animal producers to expand or modernize their operations is complicated. There has also been the push to produce more renewable energy locally in order to reduce dependence on fossil fuels. These factors have led to an increased interest in anaerobic digestion for manure treatment. This article discusses a well-running plug-flow digester that has provided nearly five continuous years of electrical energy production and operational data.
Haubenschild Dairy Farm Inc. in Princeton, Minnesota is currently operating a plug flow anaerobic digester coupled with an engine generator for production of electricity with heat as a byproduct. The anaerobic digester was built in 1999 in conjunction with a dairy herd expansion from 200 cows to the current 800 cows. The cows are housed in two naturally ventilated free stall barns. The free stalls have mattresses and the cows are bedded with recycled newsprint. Manure (solids content of approximately 10%) is scraped from the barn three times per day at milking to a 12' x 12' x 240' cross alley collection pit. This manure then flows to a 14' x 14' x 14' reception pit. Approximately 11,000 gallons are pumped from the reception pit twice per day P. Goodrich to the plug-flow digester. The digester is an insulated concrete tank (30' x 14' x 130') with a high-density polyethylene (HDPE) cover. Manure from the digester flows over a weir and into a 3.2 million gallon HDPE lined manure storage pond. The manure is pumped from the storage pond throughout the year and injected into corn land or surface applied to alfalfa fields using a 7500-gallon manure tank wagon. Methane gas from the digester is used in an engine generator to produce electricity.
The driving force of this successful system is the owner, Dennis Haubenschild who has pursued a twenty-year dream of installing a digester on his farm. A champion of the system, he has spent innumerable hours encouraging local officials, friends, family and state officials to support the project. He has kept good records of costs and output from the digester.
BIOGAS PRODUCTION
Biogas production from the digester is greater than anticipated. The measured amount flowing through the engine generator ( fig.1 ) is approximately 70,000 cubic feet of biogas per day (approximately 87 ft 3 /cow per day). This value is achieved after the biogas production has stabilized. This is 30% above the biogas design figures of 65 ft 3 /cow per day. The majority of the biogas is used to run an electric generator. Excess gas is burned in a flare that operates an estimated 60% of the time. The owner estimates that he is flaring 10-15 ft 3 per minute (20-30% excess) and plans to install a meter in the future to measure the flared gas. Therefore all the figures in this paper are conservative. Biogas production throughout the five years of operation has been very stable. The biogas is approximately 60% methane and 40% carbon dioxide. 
ENERGY PRODUCTION
Methane from the digester is used to power a CAT 3406 engine, which drives a 150 kW generator. Approximately 2900 kWh of energy is generated each day while the dairy operation uses approximately 1500 kWh per day. The excess electrical energy is sold back to the local energy cooperative at 7.25 cents per kWh. Figure 2 shows the weekly electrical generation and consumption since operation began. Recovered thermal energy from the engine is used to heat the anaerobic digester (maintained at 100 degrees F throughout the year), the floors of the free stall barn, and the milking parlor. 
ECONOMIC ANALYSIS
Initial investment in the anaerobic digester system was $355,000. Payback on the system at 10% interest and the current energy production/utilization is estimated at 5-7 years. This payback does not include heat energy used in the free stall barn and parlor or the other benefits of odor reduction, weed seed and pathogen reduction, and possible crop response benefits. The University of Minnesota is currently researching all of these "other" benefits through a National Resource Conservation Service (NRCS) funded research project.
For comparison, using the $355,000 cost of the system as a 10-year mortgage, the monthly payment on interest and principal would be $4691 at a 10% interest rate and $4307 at 8% interest. Selling the electricity back to the energy co-op yields approximately $3390. The 4 electricity generated for use on the farm which offsets purchased electricity plus sold electricity easily meets the costs of the system.
SAFETY EMPHASIS
The digester has been designed to meet safety considerations for manure pollution control. The concrete structures exceed the Natural Resources Conservation Service and Minnesota Pollution Control Agency standards. The storage pond is lined with polyvinyl chloride and is fenced to keep animals away. Safety devices are in place to limit the pressure on the digester cover. Placards warn of dangers throughout the electrical system and guards are placed to keep people and animals out of dangerous locations.
FEASIBILITY OF ANAEROBIC DIGESTERS ON MINNESOTA FARMS
The system in place at Haubenschild Farms is one success story, but the feasibility of anaerobic digestion is, in general, very site specific. Following, is a discussion of some of the factors to consider in determining the suitability of anaerobic digestion for a given site.
First of all, often by looking solely at the economic return from electrical production and sale, the economic evaluation is unfavorable for many types and sizes of operation. However, in these evaluations, the secondary benefits, such as odor control, pathogen reduction measures and weed seed reduction, are often neglected; but they have the potential to be highly beneficial to the system's economic return. Unfortunately, it is difficult to assess specifically the economics of these secondary benefits.
The first factor to consider when evaluating the feasibility of an anaerobic digester is the primary goal of the digestion system. If the primary goal is economical odor control, then the cost and performance of the digester should be compared to the cost and performance of other technologies in achieving the same level of odor control. For instance, anaerobic digestion is estimated to reduce odor from manure storage and land application by 60-90%. However, anaerobic digestion will not reduce odors coming from the barns or other manure sources. In contrast, a biofilter will remove odors from the barns but not from the manure storage. Therefore, a feasibility study of anaerobic digestion must begin with an assessment of the odor sources on the farm, the priorities of odor reduction, and the variety of options available.
The second factor in evaluating the economics of anaerobic digestion is the level of complexity of the system. There are a number of permutations for the systems ranging from a simple, covered storage basin with methane flare, to a completely mixed flow reactor with engine and generator. Several system options must be considered in determining the feasibility.
The most basic anaerobic digestion system is a covered manure storage and methane flare. This system is the most economical because the only cost involved is the cover and flare. However, with this system there are no cash economic returns. To achieve some return on this investment, some farms have chosen to add a heat recovery system. The benefits of odor control are often the reason for this low cost system. Instead of flaring the methane captured by the cover, the methane is burned in a boiler and the hot water is used for heating buildings. This is a relatively inexpensive option that provides some economic return.
The next level of investment with potential return is to install a completely mixed or plug-flow digester. This digester increases the amount of methane produced that can be used in the boiler system. Considerations for this option must include the heat use on the farm. Many facilities (dairy and swine finishing operations) have limited need for additional heat on the farm so the additional benefit of this upgrade must be carefully considered.
The next upgrade in an anaerobic digestion system is to include an engine/generator set to produce electricity. This is a significant investment but also has the potential to generate some economic return from the sale of excess electricity or by offsetting current electrical charges. High-energy use (electrical) facilities such as dairies or nursery barns will benefit the most from an upgrade to electricity production.
All of these anaerobic digestion systems result in manure with reduced odor, but only those with heated digesters will benefit from the reduced viable weed seed count and reduced pathogens. If these are critical issues, there may be some additional benefit to constructing a digester besides increased methane production and increased heat or electrical output. Current research at the University of Minnesota is assessing these other benefits.
There are many factors involved in assessing an anaerobic digestion system. These factors include the potential for energy production and sale, economic factors such as interest rates and available financial assistance, and finally the value of the system's secondary benefits. With all the variables to consider when assessing the feasibility of an anaerobic digester, it is safest to ask for assistance from someone with experience in the design and construction of these systems. A self-assessment checklist to determine the feasibility of an anaerobic digester developed for the Minnesota Agricultural Utilization Research Institute can be found at http://www.auri.org/research/digester/diglead.htm.
Other information on anaerobic digestion can be found under the topic heading "Treatment" on the University of Minnesota Manure web page at: www.bae.umn.edu/extens/manure The USEPA AgSTAR program (http://www.epa.gov/agstar/) (US EPA 1997) developed software (FarmWare 2.0) to assess the feasibility of anaerobic digesters. Two studies (Garrison and Richard 2001, and Hind 2002) have used this software to estimate economic feasibility of anaerobic digestion on several types and sizes of farms. Results from Garrison and Richard (2001) are found in Table 1 . These results suggest that the breakeven costs for anaerobic digesters require fairly large animal number (large volumes of manure). However, this analysis did not include the other economic benefits of those items discussed earlier (e.g. odor and pathogen reduction). (Garrison and Richard, 2001) A study by Hinds (2002) also reviewed the economic feasibility of anaerobic digestion systems using FarmWare (Table 2 ). The results of this analysis are somewhat more favorable. Here, breakeven costs occurred in dairy facilities with as few as 400 cows. The differences between these two studies (Garrison and Richard, 2001 and Hind, 2002) are unclear however the likely differences are minor.
Another noteworthy comparison between the modeling software, FarmWare, and the actual case at Haubenschild Dairy Inc., are their differing economic results (Table 3) . FarmWare under predicted both the capital cost and the methane production for the system. However, its prediction of a payback time on the investment of six years was fairly close to the actual value. Unfortunately, this scenario is not likely for most producers because the rate for excess electricity sold back by Haubenschild Dairy was unusually high (7.25 cents per kWh). Current rates for electrical buyback in Minnesota are estimated to be 3.4 cents per kWh plus an additional 1.5 cents incentive payment from the state. Using this rate of return on the sale of electricity (5.7 cents per kWh) the loan payback on the Haubenschild system would be 7.5 years instead of the 5.5 years (using 20% down payment on investment and 10% annual rate of interest on the loan). Estimates from FarmWare with 7.25 cents per kWh payment for electricity result in an estimated payback period of 6.5 years. 
IMPACT ON GREENHOUSE GAS
The digester reduces emissions of methane, carbon dioxide and ammonia from manure while in the enclosed vessel. Combustion of the biogas releases some carbon dioxide and sulfur compounds back into the atmosphere. However this combustion process releases carbon dioxide, which was captured by plants in the last year by the crop fed to the animals in contrast to fossil fuels, which are releasing carbon from ancient biomass. 
CONCLUSION
The strong support of a champion is beneficial to a project having the magnitude of the Haubenschild Digester. Garnering additional support and seeing the project through takes time and concerted effort. The economic reality of being paid retail rates for the excess energy as well as avoiding the cost of buying energy for the dairy operation is enormous. The excellent management of the dairy barn with biodegradable bedding is an added plus. A sand bedded operation would create some very difficult problems for a digester. The high percentage of operation time has also been very beneficial to the operation. Others contemplating anaerobic digestion as a manure management system will need attention to detail and persistence in getting the job done right so the project will succeed.
